17 2 SUMMARY STATEMENT 18 The follow-up investigation of a group of human infants, who experienced initial stage 19 blindness before the removal of bilateral cataracts, revealed that retinal development is 20 associated with environment influences and its malleability might be a potential basis of 21 plasticity. 22 ABSTRACT 23 Sensitive periods and experience-dependent plasticity have become core issues in visual 24 system development. Converging evidence indicates that visual experience is an indispensable 25 factor in establishing mature visual system circuitry during sensitive periods and the visual 26 65
system exhibits substantial plasticity when facing deprivation. The mechanisms that underlie 27 the environmental regulation of visual system development and plasticity are of great interest 28 but need further exploration. Here, we investigated a unique sample of human infants who 29 experienced initial stage blindness (beginning at birth and lasting 2 to 8 months) before the 30 removal of bilateral cataracts. Retinal thickness, axial length, refractive status, visual grating 31 acuity and genetic integrity were recorded during the preoperative period or at surgery, and 32 then during follow-up. The results showed that the development of the retina is malleable and 33 associated with external environment influences. Our work supported that the retina might 34 play critical roles in the development of the experience-dependent visual system and its 35 malleability might partly contribute to the sensitive period plasticity. Visual experience from external environment is crucial to the development of the entire visual 39 system (Lewis and Maurer, 2005; Hooks and Chen, 2007) . Previous evidence supported that 40 abnormal visual experience causes dramatic functional deficits, but visual system can retain 41 its plasticity and has potential to recover, at least in part, after visual deprivation during or 42 even beyond classical sensitive period in adulthood (Maurer et al., 1999; Morishita and 43 Hensch, 2008; Jeon et.al., 2012) . Therefore, the mechanisms that underlie the regulation of 44 visual system sensitive periods are currently of great interest. Although evidence from 45 researches revealed that sensitive periods of the visual cortex are activated by distinct 46 mechanisms (Hooks and Chen, 2007) , insufficient attention has been paid to other main 47 components of the visual system before and following initial stage blindness (Mutti et al., 48 2009; Wang et al., 2015) , such as eyeball development. The underlying mechanisms of both 49 the environmental regulation of visual system development and plasticity need further 50 understandings. 51 Up to now, three main factors have been thought to hinder research progress on the 52 environmental regulation of visual system development and its plasticity. First, although 53 evidence obtained from natural deprivation models occurring in human has contributed direct 54 understanding of cortex plasticity (Heering et al., 2016; Grady et al, 2014; Guerreiro et al., 55 2016), human-level investigations of environmental effects on retina and other components of 56 visual system are still limited. The results of animal studies cannot necessarily be generalized 57 to human and may even differ from the results obtained from human (Smith et al., 2014) . 58 Second, the evaluation metrics of development often fail to assess the entire visual system. In 59 addition to the development of visual cortex, different parts of the eyeball often present 60 distinct developmental patterns (Wallman and Winawer, 2004; Liu et al., 2007; Qin et al., 61 2013; Schaeffel and Wildsoet, 2013) ; therefore, it is important to integrate them to explore the 62 experience-dependent plasticity of the visual system as a whole. Third, genetic effects are 63 difficult to be excluded from the analysis. Previous studies have shown that genes play a key 64 role in the visual development, as any deficiency of these genes may lead to varying degrees 4 of visual dysplasia (Azuma et al., 1999; Barbieri et al., 1999; Hallonet et al., 1999; 66 Minoshima et al., 1999; Lundwall et al., 2015) , presenting a challenge for determining the 67 genetic influence on visual development. 68 In this study, we followed a group of human infants who experienced initial stage blindness 69 (beginning at birth and lasting 2 to 8 months) before the removal of bilateral cataracts. Having 70 access to this rare population provides a unique opportunity to investigate the effect of (Skoczenski and Norcia, 1999) . All included children had no family history of visual 82 impairment to mimic the environmental manipulation processes following initial stage 83 blindness. Whole exome sequencing was used to identify all of the potential genomic 84 deficiencies associated with visual development. The present work may serve as a valuable 85 reference for future studies of visual system development and provides a fresh paradigm for 86 understanding the developmental process from the clinicians' perspective.
87

RESULTS
88
Longitudinal assessment protocol 89 The study pipeline is presented in Figure 1 . Four critical indicators were measured: 1) RT for 90 functional development of the retina for receiving and translating visual information, 2) AL 91 for investigating holistic eye emmetropization during initial stage blindness, 3) refractive 92 5 status for the dynamic emmetropization process after surgery, and 4) visual grating acuity for 93 the assessment of the overall visual system development. In addition, we use whole exome 94 sequencing to determine whether the children had genomic deficiencies for visual 95 development. 96 AL measurements and baseline visual acuity (VA) evaluations were conducted before surgery 97 ( Figure 1a ) (Pennie et al., 2001; Mutti et al., 2005) . The dense and total cataracts hindered 98 their preoperative RT measurement; consequently, the first RT measurement was conducted 99 immediately following the cataract removal during the surgery (Figure 1b ). Longitudinal 100 assessments for RT, refraction measurements and VA were conducted postoperatively at 1 101 week, 1 month, 3 months, 6 months and then every 6 months thereafter ( Figure 1c ). The final 102 VA was included in the analysis. Each type of examination was conducted by a single 103 experienced examiner who was blind to the results of previous assessments to minimize 104 potential bias. None of the assessments were mandatory when the infants were uncooperative 105 or showed poor compliance, and these missing data were excluded. All the available data 106 were included into analysis to ensure the fair representation of our study population (Table   107   S1 ).
108
Retinal development during initial stage blindness 109 To determine whether the retina shows responsiveness to external environment influences 110 following initial stage blindness, we first used spectral domain optical coherence tomography 111 (SD-OCT) to measure the RT of our patients at surgery. Ten healthy retinas as controls group 112 were measured using the same procedures. A total of 56 retinas in cataract group (mean age, 113 3.5 months; range from 2 to 8 months) and 10 healthy retinas in control group (mean age, 4 114 months; range from 3 to 8 months) were ultimately included in this analysis. 115 The results revealed that the full-layer RT was thicker in the patients than in the control group Mutti et al., 2005) . As shown in Figure 2b , the pre-surgery AL of our population was 153 distributed mainly in the normal curve range. Therefore, the AL development before the onset 154 of vision in our samples was considered to be similar to the normal level. (Figure 5b ) and the mean acuity of our patients is below normal mean value 169 and begins to fall outside the normal range around 2 years of age (Figure 5c ).
170
Genetic integrity of visual system development 171 Visual system development and maturation should be considered in the context of interactions 172 8 between the environment and heredity. All of the included patients had no family heredity. 173 Furthermore, no similar disease history (amblyopia or visual dysplasia) was observed in their 174 immediate family members. Sampling investigation using whole exome sequencing was 175 conducted for 7 children and their parents to confirm whether these children had the genomic 176 deficiencies for visual system development. We sequenced the coding regions and all 177 exon-intron boundaries for the 1679 known genes associated with human visual development. 178 However, we found no direct relationships between filtered mutations and visual impairment Figure 6a ). 211 The "bridge" role of the retina may be functionally consistent with that of dopamine receptors, 212 which are thought to regulate synapse formation, synaptic transmission, and light adaptation 213 in the experience-dependent development of the retina (He et al., 2013; Tian et al., 2015) . 214 It is well known that during sensitive periods, the visual system is vulnerable to the harmful 215 effects of deprivation but still has the potential to recover. This recovery potential, called 216 plasticity, is a crucial factor in establishing mature circuitry (Hooks and Chen, 2007) . We 217 found that the retina has a latent thickening tendency during initial stage blindness, which 218 might be presumed to reflect an attempt to functionally compensate for the insufficient visual 219 stimulation and to prepare for the potential following signal penetration (sketch map shown in 220 Figure 6c ). Previous studies indicated that during initial stage blindness the increasing 221 expression of amacrine cells is triggered, with nerve growth factors and brain-derived Figure 6b ). 230 Our study has three implications. First, the visual system development should be considered 231 as a whole, with the retina acting as a bridge that connects the external environment with each 232 visual system component, from the anterior segment optic system to the visual cortex. Second, 233 the intrinsic reason that accounts for visual plasticity might be a compensation process, as the 234 dynamic changes of RT in our study reflect functional adaptation in response to the initial 235 stage blindness. Third, we tentatively propose that RT might be used as a direct and sensitive 236 indicator of abnormal visual stimulation as well as plasticity, which may provide an 237 opportunity to develop a novel method for assessing visual recovery potential in blind 238 children. 239 The results of our study should be cautiously interpreted within the context of two main 240 limitations. First, our study primarily measures the effects of initial stage blindness on the 241 retina but not the brain. Vision is a collaborative function of the retina and the brain. 242 Therefore, dramatic changes of visual cortex correlated with the retina might be detected if 243 the brain was investigated as well, which might account for the reason why part of our 244 patients have lags in visual function development. Second, we used two control groups for the 245 comparison of RT at surgery and at the last follow up. Although an age and number matched 246 parallel group of control is a better choice for comparison, measuring the retinal thickness 247 using SD-OCT is not necessary for a healthy child and therefore it is impractical to set a 248 parallel control group for such a long-term follow-up study. 249 Previous studies reported that the fellow eye of unilateral congenital cataract patients, which 250 likely has a normal retina, shows deficits in various aspects of vision (Lewis et al. 1992) . 251 Therefore, potential factors including biased interocular competition might influence the 252 plasticity as well, which remains to be investigated in the future. Moreover, additional China (Dolgin, 2015) . All participants were born with dense and total bilateral cataracts, 264 diagnosed (mean age, 2.9 months; range from 1 to 7.5 months) and underwent surgery for 265 bilateral cataract removal (mean age, 3.5 months; range from 2 to 8 months) at an early age. 266 The first prescription of glasses was assigned to the participants at 1 week after surgery. All X10 was used to perform next-generation sequencing to evaluate differences in mutations. 318 The sequencing reads of each sample were aligned to the human reference genome hg19 319 assembly using Burrows-Wheeler Aligner (Li and Durbin, 2009), SAMtools and Picard tools. 320 The 1679 known genes associated with human visual development were collected for genetic 321 analysis (Table S2 ). The snps and indels were detected by HaplotypeCaller according to the 322 instructions. ANNOVAR were used to annotate all the variants. Variants with a frequency 323 more than 1% in dbSNP, 1000 genome, ESP6500 or the in-house database were excluded. 324 PolyPhen-2, SIFT and MutationTaster were used to predict the effect protein function of 325 amino acid substitution. In addition to de novo mutations, compound heterozygous mutations 326 and homozygous mutations were considered based on the recessive model. However, we 327 found no direct relationships between filtered mutations and visual impairment according to 328 the standards and guidelines for the interpretation of sequence variants. (Richards et al., 2015) 329 Statistical analysis 330 Mixed ANOVA were used to compare RT differences (5 retinal areas) between cataract and 331 control groups. An independent-sample t-test was used to compare RT differences between 332 cataract and control groups in each retinal area. The Bonferroni method was used to correct 333 alpha for multiple t-test (α'=α/m, α =0.05 and m is the number of hypotheses). All statistical 334 tests were two-tailed, and a P-value below 0.05 or corrected alpha was considered statistically 335 14 significant. All statistical analyses were performed using SPSS software, v. 18 (SPSS, Inc., 336 Chicago, IL, USA).
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